In the field of piezoelectric actuators, high speed piezoelectric stick-slip actuators have received considerable attention. A linear stick-slip piezoelectric actuator is proposed in this article, which combines asymmetric flexure hinge with triangular displacement amplification mechanism. The designed linear piezoelectric stick-slip actuator can achieve high speed at lower frequency. The configuration of the actuator and driving principle are illustrated and designed by theory and simulation. In order to study its performance, a prototype is fabricated, and an experimental system is established. The experimental results confirm that the maximum step efficiency of the prototype is 97.9 %. The maximum speed is 20.17 mm/s under the driving voltage of 100 V P−P , the driving frequency of 610 Hz and the locking force of 2.5 N. The maximum load capacity is 2.4 N under the locking force of 3.5 N. The proposed piezoelectric stick-slip actuator increases the step efficiency and improves the output speed at lower frequency.
I. INTRODUCTION
Piezoelectric actuators play an important role in manufacturing [1] , which are widely used in semiconductor manufacturing, biomedical manipulations [2] , [3] , microscope scanning [4] , [5] and material micromechanical testing [6] due to their simple structure, fast response, large stroke and no electromagnetic interference [7] - [9] . They can be classified into four types according to the driving principles: directpush [10] , inchworm [11] , [12] , ultrasonic [13] , [14] and stickslip actuators [15] . The direct-push type actuators have high positioning accuracy and a large force [16] , [17] . Inchworm type actuators can generate a large driving force [18] , [19] . Ultrasonic type actuators require signals of higher frequencies to excite piezoelectric elements and achieve high speed [20] - [23] . Stick-slip type actuators have a simple structure and achieve a large work range [24] , [25] . Its driving The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu . principle is that using the alternating change of static friction force and kinetic friction force between the stator and the slider push the slider to move. In the slow estension stage of the piezoelectric stack, the static friction force is generated, and the stator pushes the slider to advance a small displacement. The kinetic friction force is generated which is resistance during the quick contraction stage of the piezoelectric stack, making the slider produce a small backward motion [26] - [28] .
With the rapid development in the field of machining and manufacturing, in order to improve manufacturing efficiency, the output speed of the piezoelectric stick-slip actuator is becoming more and more important. Therefore, it is crucial to develop a piezoelectric stick-slip actuator with high speed.
In order to improve the output speed of the piezoelectric actuator, it is often used to increase the displacement of one step, the driving voltage, the driving frequency and reduce the backward motion. At present, research scholars have developed varieties of prototypes for different methods. Wei et al.
developed a compliant mechanism-based stepping motion actuator with multi-mode [29] . By increasing the driving voltage and frequency, Wang et al. developed a piezoelectric actuator using the parasitic motion idea combined with displacement amplification mechanism [30] . Zhang et al. realized the high speed of the piezoelectric stick-slip actuator by increasing the driving frequency [31] , [32] . Zhong et al. developed an inertial stick-slip driving platform in combination with a flexible hinge mechanism [33] . Zhang et al. studied an anisotropic friction surface to reduce the backward motion [34] . In the previous study, Li et al. developed a bidirectional piezoelectric stick-slip actuator based on the principle of flexible hinge lever amplification [35] , increasing the displacement of one step and the speed of the slider. And introduced ultrasonic vibration into the quick contraction stage of the piezoelectric stick-slip actuator and reduced the backward displacement of the actuator by using the ultrasonic anti-friction effect [36] , which increased the output speed of the actuator. Guo et al. developed a piezoelectric stickslip actuator with a higher speed at a lower frequency [37] . Various structures and methods are used to design the piezoelectric stick-slip actuator. The current piezoelectric stickslip actuator mainly increases the output speed by increasing the driving frequency. However the structures of them are complex, and the sawtooth waveform of higher frequency will affect the lifetime of the actuators, and the piezoelectric stack excited by high frequency and high voltage will increase its heat. Therefore, it is very meaningful to propose a kind of simple structure piezoelectric stick-slip actuator with high speed at a lower frequency.
The actuator proposed by the article is based on asymmetric flexure hinge mechanism with triangular displacement amplification mechanism, which has the characteristics of large lateral displacement. And it greatly improves the output speed of the piezoelectric actuator at lower frequency. In addition, Section 2 introduces the driving principle of piezoelectric actuators. Section 3 conducts the finite-element method (FEM) and a theoretical analysis of the mechanism. Section 4 and 5 set up an experimental test system and analyze the performance of the actuator, respectively. Simulation verification, theoretical analysis, and experimental results show that the linear actuator has high speed and output efficiency, which expands its application in machining and manufacturing. Figure 1 illustrates the driving process of the proposed prototype when the sawtooth wave signal is applied to the piezoelectric stack, and it can be divided into three stages in a sawtooth wave signal cycle. The driving voltage is shown in figure 1 (a) . At time t 0 , as shown in figure 1 (b) , the slider is in the initial position and remains stationary. The locking force between the tip of the driving foot and the slider can be changed. From t 0 to t 1 , as shown in figure 1 (c), the piezoelectric stack extends slowly with the excitation of sawtooth wave, and triangular displacement amplification mechanism is pushed by the piezoelectric stack. During this stage, the driving foot generates a displacement along the negative direction of the x-axis and the positive direction along the y-axis due to the deformation of the asymmetric flexure hinge. The friction force between the driving foot and the slider is the static friction force, which makes the slider move a small displacement D s in the negative direction along the x-axis. From t 1 to t 2 , as shown in figure 1 (d) , the piezoelectric stack contracts quickly to its initial position. During this stage, the driving foot moves rapidly in the positive direction of x-axis and the negative direction of y-axis due to elastic deformation of flexure hinge. At the same time, the normal pressure decreases, and kinetic friction force is generated between the driving foot and the slider. And the slider causes a backward displacement D b . The slider can move forward continuously by applying a continuous sawtooth wave to the piezoelectric stack. And the slider of the piezoelectric actuator moves L = D s − D b in one signal cycle.
II. CONFIGURATION AND DRIVING PRINCIPLE

III. DESIGN AND SIMULATION ANALYSIS
In order to determine the structural parameters of triangular displacement amplification mechanism. FEM software is used to carry out static structural simulation analysis of triangular displacement amplification mechanism. The simulation material is AL7075, and the parameters corresponding to the simulation are shown in table 1:
During the FEM process, the fixed supports are applied to the two holes, and the internal surface of the upper side of the stator is pushed by 10 µm, as shown in figure 2 . The simulated synthetic displacement of driving foot P is calculated by the following equation:
U x is the forward displacement along the x-axis, and U y is the forward displacement along the y-axis of point P. Figure 2 shows the simulation results of structural statics. The simulation results show that the maximum displacement of point P along the x-axis is 25.34 µm, and the maximum equivalent stress is 67.1 MPa at the point Q , and it is less than the allowable stress 505 MPa of the material.
PC' is the displacement of point P along the y-axis. C P is the displacement of point P along the x-axis. PP' is the synthetic displacement. The simulation results show that PC' equals U y for 10.55 µm, and C P' equals U x for 22.12 µm, PP' equals U sum for 24.48 µm.
According to the design requirements, the key dimension H of the triangular displacement amplification mechanism is simulated and optimized. Figure 3 shows the performance analysis of stator's driving action on the slider under different H sizes. H is the distance between the bottom of the triangular displacement amplification mechanism and the center of the driving foot. This article mainly simulates the displacement of the slider along the x-axis and the equivalent stress of the driving foot. The analysis results show that with the increasing of H size, the displacement along the x-axis of the slider and the equivalent stress of the driving foot decrease. It can be seen from the simulation that the value of H affects lateral displacement, stiffness and structural compactness. Larger lateral displacements can increase the output speed, and less stress reduces wear of driving foot. In order to obtain a large lateral displacement, small stress and structural compactness of the prototype, this article H is selected as 15 mm and the value is the design size of the triangular displacement amplification mechanism.
The article dimensions the size of the stator, combining with the simulation analysis and the piezoelectric stack. As shown in figure 3 , the triangular displacement amplification mechanism is optimized. And the size of flexure mechanism is limited by piezoelectric stack. Figure 4 shows the size parameters of a stator combining asymmetric flexure hinge and triangular displacement amplification mechanism. Figure 5 shows a schematic diagram of the triangular displacement amplification mechanism which rotates counterclockwise around the point O. According to figure 4 , the parameter values in figure 5 are obtained, and they are shown in table 2.
OAB rotates θ angle around the point O (OA to OA', OB to OB', AB to A B ) pushed by the piezoelectric stack, and θ can be calculated by the following equation: The lengths of BC and CB are equal to the displacement of B to B along the y-axis and the x-axis. The length of B D is equal to AC, so the length of B D can be calculated by the following equation:
The lengths of BC can be calculated by the following equation:
According to the motion property of a rigid body, the length of line segment OD:
Since CB'= AD = OA-OD, the distance CB' can be obtained from equations (2) and (5), which can be expressed as follows:
Substitute the design parameters into equation (4) and equation (6) , and the lengths of BC and B C can be calculated: BC = 6.82µm, CB = 24.06µm.
The feasibility of the triangle amplification principle is verified within the allowable error range by comparing the simulation data with the theoretical data. Table 3 is the comparison table of simulation and theoretical calculation data. It can be seen from figure 2, in the actual process, the O point will move a small displacement. So there are slight errors between simulation and theoretical calculation verification.
IV. EXPERIMENTS
To verify the performance of the proposed actuator, an experimental system is established and a series of experiments are carried out to test output performances, such as output speed, load capacity and efficiency.
A. EXPERIMENTAL SYSTEM
As show in figure 6 , an experimental system is constructed according to the test performance requirements of the experimental prototype. The experimental system mainly includes: a waveform generator (DG4162, Beijing RIGOL Technology Co. Ltd., China), a power amplifier (XE500-C, Harbin Core Tomorrow Science & Technology Co. Ltd., China), a prototype, a laser displacement sensor (LK-H020, Keyence Co. Ltd., Japan), a power analyzer (NORMA 4000, FLUKE Co. Ltd., U.S), a vibration-isolated optical table, a personal computer. The prototype includes a base, a slider (VR3-75, THK), a hand-adjustable platform and a stator. The stator comprises a flexible mechanism which is made of AL7075 aluminum alloy, a piezoelectric stack (AE0505D16F, 5 mm × 5 mm × 20 mm, Tokin), a shim block and a screw. The flexible mechanism includes triangular displacement amplification mechanism and asymmetric flexure hinge mechanism. The preload force of piezoelectric stack is changed by adjusting the screw. The stator is fixed on the hand-adjustable platform by hexagonal screw. And the stator is manufactured by wire-electrical-discharge. The hand-adjustable platform is fixed on the base. The locking force between the driving foot of the stator and the slider is changed by adjusting the hand-adjustable platform. The weight of the slider is 35 g, and the output performance of the linear actuator is verified through experiment.
The waveform generator generates the driving signal, which is amplified by the power amplifier and sent to the piezoelectric stack, and pushes the slider to move. The laser displacement sensor collects the speed and displacement signal, and the power analyzer is used to calculate the input power. A weight is hanged on the fixed pulley through the steel wire, and the other end of the steel wire is connected to the end of the slider. In this way, the locking force of the experimental prototype is adjusted, and the load performance of the prototype is tested by changing the weight mass.
In addition, the natural frequency of the prototype is tested by a precision impedance analyzer (6500B, Wayne Kerr Electronics), as shown in figure 7 . It can be concluded that the first-order natural frequency of the prototype is about 583.4 Hz from the impedance curve.
B. EXPERIMENTAL RESULT
In order to further verify the feasibility of the displacement amplification principle proposed by the article, the article conducted a series of performance tests on the processed prototype. Figure 8 shows the relationship between the output speed and the drive frequency. As the driving frequency of the prototype increases from 500 Hz to 640 Hz, the output speed of the slider is tested under the driving voltage of 100 V P−P , the duty ratio of 90 % and the locking force of 2.5 N, 3.5 N and 4.5 N, respectively. It can be seen from the experimental curve that as the driving frequency increases, the output speeds of the slider increases and then decreases. When the driving frequency reaches 610 Hz, the output speed of the prototype peaks at the locking force of 2.5 N, 3.5 N, and it is 20.17 mm/s and 17.46 mm/s, respectively. When the driving frequency reaches 610 Hz, the speed of the prototype is 14.4 mm/s at the locking force of 4.5 N. And when the driving frequency reaches 620 Hz, the speed of the prototype peaks and it is 14.58 mm/s when the locking force is 4.5 N. Therefore, the optimum frequency for the best performance of the prototype is 610 Hz. Figure 9 shows the relationship between the output speed of the slider and the driving voltage when the sawtooth driving frequency is 610 Hz. It can be seen from the experimental data that the speed of the prototype increases linearly with the increasing of the driving voltage. When the driving voltage is 100 V P−P , the duty ratio of 90 % and the locking forces are 2.5 N, 3.5 N, and 4.5 N, the speeds of the slider are 20.17 mm/s, 17.46 mm/s and 14.4 mm/s, respectively. Therefore, the maximum output speed of the slider is 20.17 mm/s when driving frequency is 610 Hz and the locking force is 2.5 N, and the minimum starting voltage of the prototype is 30.15 V P−P . Figure 10 shows the relationship between the displacement and the time of the slider under different locking forces. The backward motion can be observed in every step. When the piezoelectric stack looses power quickly, the friction force between the slider and the driving foot changes to be the kinetic friction force and it changes the motion direction. Thus, the slider will move back a small distance. The proposed actuator has smaller backward motion than the previous work [38] . Therefore, compared with the existing piezoelectric stick-slip actuators, it can have a higher speed at a lower frequency. It should be noted that the backward motion increases when the locking force increases.
Under the locking force of 2.5 N, the driving frequency of 610 Hz, the driving voltage of 100 V P−P , the real step displacement l 1 of the slider is the largest and the step efficiency is the highest. The step efficiency can be obtained by the following equation:
Among them, is the step efficiency of the prototype. l 1 is the real step displacement and it is 32.89 µm. l is the maximum displacement of one step and it is 33.59 µm. l 2 is the backward displacement of one step. The maximum step efficiency is 97.9 %. Figure 11 shows the relationship between the output speed and load under different locking forces. The case that the slider is pushed only by stator is regarded as an unloaded condition, and the mass of the slider is about 35 g. It can be seen from the figure 11, as the load increases, the output speed of the slider decreases. Under the locking forces of 2.5 N, 3.5 N and 4.5 N, driving voltage of 100 V P−P and the duty ratio of 90 %, the maximum load is 2.1 N, 2.4 N, 2.1 N, respectively.
The efficiency of the piezoelectric stick-slip actuator is an important performance. And it can be obtained from the output power divided by the input power. The specific equation is as follows:
Among them, P o is the output power, and P i is the input power. F is the load force, and v is the speed under the load. The output power P o can be obtained from the data in figure 11 . The input power P i can be tested with a power analyzer. Figure 12 shows the relationship between efficiency and load calculated according to the equation (8) . When the locking force is 2.5 N, and the load is 90 g, the maximum efficiency of the actuator is 1.29 %, and the output speed of the slider is 11.77 mm/s at this time. When the locking force is 3.5 N and the load is 120 g, the maximum efficiency of the prototype is 1.61 %, and the output speed of the slider is 10.63 mm/s at this time. When the locking force is 2.5 N and the load is 120 g, the maximum efficiency of the actuator is 1.39 %, and the output speed of the slider is 8.9 mm/s at this time. In the case that the load capacity of the prototype is hardly improved, the efficiency of the prototype is improved by increasing the speed of the prototype. Table 4 compares the output speed characteristics of the piezoelectric actuator studied by previous researchers. It can be seen from the table that the flexible hinge mechanism proposed by the article based on the triangle amplification principle can improve the output speed of the actuator effectively at lower frequency.
V. CONCLUSION
To improve the output speed of the actuator at lower frequency, a stick-slip piezoelectric linear actuator based on triangular displacement amplification mechanism was proposed in this article. The designed triangular displacement amplification mechanism could realize high output speed at lower frequency. The main advantage of the proposed triangular displacement amplification mechanism is that not only the locking force during the driving process can be increased but also the displacement in the output direction can be amplified. The configuration and driving principle were illustrated. The design and simulation analysis of the triangular displacement amplification mechanism were discussed. A prototype was fabricated, and its output characteristics were tested. The experiment results indicated that the maximum step efficiency is 97.9 % and the maximum output speed of the actuator was 20.17 mm/s when the locking force is 2.5 N. The article increased the output speed of the prototype by improving the step efficiency, thereby raising the efficiency of the prototype. The maximum value of the efficiency was about 1.61 % under the locking force of 3.5 N, the load of 120 g and the output speed of 10.63 mm/s. The experiment results confirmed that the triangular displacement amplification mechanism was effective for improving output speed at lower frequency. Further studies would be performed to improve its output performance of the proposed prototype. 
